Radiographic technique and exposure parameters were recorded in five Israeli Neonatal Intensive Care Units for chest, abdomen and both chest and abdomen X-ray examinations. Equivalent dose and effective dose values were calculated according to actual examination field size borders and proper technique field size recommendations using PCXMC, a PC-based Monte Carlo program. Exposure of larger than required body areas resulted in an increase of the organ doses by factors of up to 162 (testes), 162 (thyroid) and 8 (thyroid) for chest, abdomen and both chest and abdomen examinations, respectively. These exposures increased the average effective dose by factors of 2.0, 1.9 and 1.3 for the chest, abdomen and both chest and abdomen examinations, respectively. Differences in exposure parameters were found between the different neonatal intensive care units-tube voltage, current-time product and focal to skin distance differences up to 13, 44 and 22%, respectively. Reduction of at least 50% of neonate exposure is feasible and can be implemented using existing methodology without any additional costs.
INTRODUCTION
Preterm birth rate has risen by nearly 16% since 1990. At present, about 12% of all births in the western countries are born premature. At the same time, the survival of neonates has increased significantly (1) . Diagnostic radiology plays an important role in the medical assessment of neonates requiring intensive care. During their prolonged and complex hospitalisation, these extremely young and small human beings are usually exposed to multiple radiographic examinations involving ionising radiation. The number of such examinations depends on several parameters, which include birth weight, gestational age and the actual medical problems. As a result, these neonates are significantly exposed to more ionising radiation, compared with healthy normal newborns.
Most of the diagnostic X-ray examinations taken during the hospitalisation in the neonatal intensive care unit (NICU) comprise imaging of the respiratory and gastrointestinal systems, namely the chest, abdomen and combined image of the chest and the abdomen (babygram) (2) . The imaging process is performed using mobile radiographic X-ray units located at the NICUs. Typical units and their parameters are displayed in Table 1 .
Several literature reports emphasise that the risks of cancer from exposure to ionising radiation are negatively associated with the age at exposure (3 -6) , meaning that the radiosensitivity of a newborn is assumed to be greater than that of a mature child or an adult. Hence, the neonatal radiological issue of long-term adverse effects arises due to their radiosensitivity combined with the numerous frequent examinations in the NICUs and their greatest remaining life span in which they probably will have more diagnostic X-ray due to further medical problems such as respiratory illness.
Some parameters affect the exposure dose of neonates. The extent of exposure depends particularly on the exposure parameters such as applied potential (tube voltage in kV), current-time product (mA s), focus to skin distance (FSD) and the radiographic techniques (determination of examination field size borders). Incorrect determination of those parameters affects the dose to organs as well as the image quality. For example, under-collimation (field size borders greater than required) leads to an increase in dosage. However, over-collimation (field size borders smaller than needed) probably causes repeated examinations and therefore also may lead to an unnecessary increase in dosage.
In our preliminary study (7) , we have found that organs of infants are unnecessarily exposed to X-ray radiation during their hospitalisation, e.g. 85% of chest examinations included the whole abdomen, 64% of abdomen examinations included both thigh and upper chest and 62% of babygram examinations included the thigh. The assessment of unnecessarily exposed/under-collimation was reached by comparing each examination that was ordered in the NICUs, to the recommendations of field size borders (RFSB) for an ideal examination. These recommendations for chest and abdomen examinations were given by the European Commission (8) and the World Health Organization (WHO) (9) . Moreover, we have found in the preliminary study (7) that gonads of both sexes were not always shielded in violation of national and international recommendations (8 -10) , e.g. the gonads of both sexes were not shielded in 7% in all chest examinations. Among male infants, the testes were not shielded in any of the abdomen or babygram examinations performed.
On the basis of our previous report, we hypothesised that this way of work in NICUs leads to an increase in the neonate exposure dosage and consequently may play a part in an increased risk of long-term adverse effects (3) . Hence, the goals of the present research study were to collect data on radiographic techniques and to estimate the additional dose from the excessive radiation in a representative group of NICUs.
MATERIALS AND METHODS
This study was conducted during a period of 2 months starting in January 2003 in five major Israeli NICUs (out of 22), located in different geographical areas. These NICUs treat about 20% of all newborns in Israel every year.
The studied population included 157 neonates with different neonatal illnesses. The mean weight of the neonates was 1747 + 911 g (range 564-4080 g). Five hundred X-ray examinations were performed, divided into chest, abdomen and babygram radiographs (68, 17 and 15%, respectively). Each X-ray examination that was performed during the period of the study was recorded independently by the radiographer who performed the X-ray examination and by the research coordinator at each medical centre (D.B., A.J.-R., K.M., T.S. and S.Z.). Shortly after each examination, the radiographer completed a questionnaire regarding the characteristic parameters of the specific examination. The major characteristics were the type of the 
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required examination (chest, abdomen or babygram), birth weight, tube voltage, current-time product and FSD. The research coordinator at each medical centre looked at the examination and completed their own questionnaire regarding which organs appear at the specific examination. In order to compare between the actual exposure borders and the RFSB, the organ doses and the effective doses for each type of examination were assessed. Calculations were performed using the PCXMC, a PC-based Monte Carlo program that calculates organ doses in medical X-ray examinations (11) . PCXMC allows the calculations of doses for 25 organs and enables the calculation of the resultant effective dose to neonates according to the International Commission on Radiation Protection (ICRP) Report 60 tissue weighting factors (3) . The calculations were performed for anteroposterior (AP) projection of an average infant (12) : 1500 g weight, 41 cm height and for 100 cm FSD, 50 kV X-ray tube voltage, 1 mm Al þ 0.1 mm Cu filtration, 17.58 X-ray anode angle and 10 7 photons for each simulation. All doses are relative and correspond to an entrance air kerma (free-in-air) of 1 mGy. The definitions of the actual field size borders and the RFSB (based on our preliminary study (7) ) are shown in Figure 1 and Table 2 . Note that the actual defined field size borders that were chosen for the PCXMC simulations refer to the average case of the recorded over-exposure, even though we know there are many cases with larger borders.
RESULTS
The collected radiographic technique parameters tube voltage, current-time product and FSD for each examination type and each medical centre (MC) are shown in Table 1 . The mean value for each parameter in each MC is shown graphically in Figure 1a -c. It appears that there are differences in exposure parameters between NICUs: tube voltage differences up to 13%, current-time product differences up to 44% and FSD differences up to 22%. The results also show that there are no significant differences in exposure parameters in each MC between examination types. As shown in Table 1 , the calculated percentage deviation ranges (the mean value for each parameter divided by the standard deviation) for each NICU for tube voltage, current-time product and FSD are 3-6, 13-24 and 5-11%, respectively.
The collected data for organs appear at the specific examination for each examination type for all five MCs are shown graphically in Fig. 3a-c . It appears that, in general, there are no significant differences in the unnecessary exposures to preterm infants group with a very low birth weight of less than 1500 g compared with that with birth weight of more than 2000 g, e.g. the pelvis was unnecessarily exposed in 16 and 12% of all chest examinations, for the neonates with birth weight of less than 1500 g compared with that with birth weight of more than 2000 g, respectively. The thighs were unnecessarily exposed in 62 and 65% of all abdomen examinations, for the neonates with birth weight of less than 1500 g compared with that with birth weight of more than 2000 g, respectively. The lower head was unnecessarily exposed in 51 and 52% of all Neonates with birth weight of less than 1500 g compared with neonates with birth weight of more than 2000 g. Note that according to international guidelines (8, 9) , an ideal chest examination would include the lower cervical area at the top of the examination and the upper edge of the abdominal area at the bottom (lower chest). The ideal abdomen examination would include the diaphragms (lower chest) at the top and stop inferior to the symphysis pubis (pelvis). A, ankle; K, knee; T, thigh; G, gonads; P, pelvis; Ab, abdomen; L.C., lower chest; U.C., upper chest; N, neck; L.H., lower head; U.H., upper head. Figure 2 . PCXMC simulation definitions of the actual field size borders that were observed according to the study and the RFSB. Note that the actual defined field size borders that were chosen for the simulations refer to the average case of the recorded over-exposure, there are many cases with larger borders. 
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babygram examinations, for the neonates with birth weight of less than 1500 g compared with that with birth weight of more than 2000 g, respectively. PCXMC calculations of equivalent dose for selected organs regarding the definitions described in Table 2 and the resultant effective dose to the neonate are shown in Table 3 for the RFSB, for the actual field size borders, and the ratio between them. Exposure of unnecessary organs increased the organ equivalent doses by 1-162 (testes) for chest examinations, 1-162 (thyroid) for abdomen examinations and 1-8 (thyroid) for babygram examinations. These exposures increased the effective dose by 2.0, 1.9 and 1.3 for chest, abdomen and babygram examinations, respectively (Table 3) .
DISCUSSION
Comparison of our results to previously published data shows similarity in the radiographic parameters. In our study, the range of the applied potential values is 45-52 kV and the range of the current-time product values is 1.8-3.2 mA s compared with 46-60 kV and 1.2-4 mA s, respectively, in former studies (13 -17) . The wide range of the percentage deviation between the radiographic parameters for each NICU indicates that examinations were taken by a large number of radiographers. It means that no specific group specialises in neonatal imaging in those NICUs, although former studies recommended that every X-ray department should assign a group specialising in paediatrics imaging (9, 18) . The differences found in radiographic parameters may cause variations in the doses to which neonates are exposed. It should be noted that the radiographic voltage may depend on the type and age of the X-ray tube. Furthermore, differences might also depend on the type of radiography technique, meaning that the use of conventional calcium tungstate screens instead of rare-earth screens, computed radiography (CR) or digital radiography (DR) technologies which permit reduction of the tube potential while preserving the image quality (19 -21) . During this study, two MCs used CR technology (MC C and MC D) while the other used conventional screen film (MC A: calcium tungstate screens and MC B and MC E: rare-earth screens). It is important to mention that some of the X-ray units are unable to work under very low voltage parameters, low enough for the high sensitivity of the high-speed films or CR cassettes. This technology issue is not a limited local problem and it represents an additional element in the chain of potential over-exposure of infants. On the other hand, nowadays more and more CR and DR technologies replace the conventional screen-film systems but still it is well known that over-exposure in CR and DR is quite common (22) . Therefore, for dose reduction, several actions at national as well as international levels should be taken. Those actions should prevent the increasing risk of long-term effects to neonates, a unique group which undergoes multiple diagnostic examinations.
As aforesaid, several studies deal with neonate radiographic exposure parameters (13 -17) . To the best of our knowledge though, no detailed studies reported on the influence of the determination of the examination field size borders on the doses the neonates are exposed to, compared with international recommendations, the unnecessarily exposed organs and related doses. The exposure of unnecessary organs in our study denotes that about 50% of the neonate effective dose results from unnecessary exposure during examinations. Note that in the majority of the tested examinations, the imaged object covers the whole film, meaning that the real radiation area borders do not appear on the film. In other words, the actual field size borders of the X-ray examinations are even larger than those which were recorded. Accordingly, we assume that the neonate dosage is even higher than we considered in our study (this paper does not cover this issue). Although violation of the RFSB was defined as 2 cm beyond the recommended boundaries, we found that, in general, there was no significant difference between the unnecessary exposures to neonates with birth weight of less than 1500 g compared with that with birth weight of more than 2000 g. This means that there is no correlation between neonatal size and weight and the radiation field size borders deviation. The assumption that the resulting unnecessary exposure of organs is a result of technical difficulty due to neonate's small body dimensions was rejected.
There are some major differences between paediatric male and female gonads shielding (10) , e.g. ovarian shielding cannot be used in most abdomen and babygram examinations. Sometimes ovaries cover important pelvic structures which often are the subject of clinical interest and therefore cannot be shielded. Furthermore, the site of the ovaries is very difficult to determine in a baby/child (10) . Nevertheless, the ALARA concept must always be kept and whenever possible, the radiographer should use gonad shielding to prevent unnecessary exposure to this radiosensitive organ.
The purpose of this study is to increase the awareness of medical staff involved in the X-ray examination including neonatologists, NICU's nursing staff, radiographers and radiologists to current and future implication regarding neonates' exposure. Based on this study, several occupational meetings and teaching presentations were performed in some MCs in Israel and a special panel of experts was established to deal with the aspects and the results of the study. Recent introduction of DR systems into the NICU carries potential improvements in dose efficiency, but cannot eliminate the need for optimised workflow as with conventional systems and CR.
CONCLUSIONS
Differences in exposure parameters were found among five Israeli NICUs. The current practice of neonatal radiography in five Israeli NICUs involves the exposure of non-relevant organs of infants to ionising radiation. Results of this study received by calculated doses using the PCXMC program indicate that an increase of about 50% in effective dose to neonates results from unnecessary exposure during examinations and unshielded gonads. Those fractions (50%) reported herein would probably be higher considering that the actual field size borders were determined by the image that usually fully covered the film and not by real field size borders that in most of the cases were larger.
To the best of our knowledge, this research is the first to report on the non-negligible unnecessary exposure to X-ray radiation of neonates' organs due to incorrect determination of field size borders and to unnecessary exposure of the gonads.
Thus, it appears that it is feasible to reduce neonate's current dose by at least 50%. In order to achieve this goal, several actions should be pursued: keeping the ALARA concept, writing national guidelines for good neonate radiographic techniques traceable to existing standards and recommendations, training radiographers to specialise in neonatal imaging and neonatal ionisation radiation hazards and to establishing a national quality program for radiation imaging equipment.
